Receptor-interacting protein kinase 3 (RIP3) is the core regulator that switches cell death from apoptosis to necrosis. However, its role in tumor immunity is unknown. In this study, decreased RIP3 expression was observed in patients with hepatocellular carcinoma (HCC), which correlates with myeloid-derived suppressor cell (MDSC) accumulation. Moreover, RIP3 is a prognosis factor for patients with HCC. We further found that RIP3 knockdown results in an increase of MDSCs and a decrease of interferon gamma-positive (IFN-γ + ) cluster of differentiation 8-positive (CD8 + ) tumor-infiltrating lymphocytes (IFN-γ + CD8 + T cells) in hepatoma tissues, thus promoting immune escape and HCC growth in immunocompetent mice. By phosphorylating P65 Ser536 and promoting phosphorylated P65 Ser536 nuclear translocation, RIP3 knockdown increases the expression of chemokine (C-X-C motif ) ligand 1 (CXCL1) in HCC cells. RIP3 knockdown induces MDSC recruitment through the CXCL1-chemokine (C-X-C motif ) receptor 2 (CXCR2) axis. Furthermore, a CXCR2 antagonist substantially suppresses MDSC chemotaxis and HCC growth in RIP3 knockout mice. Conclusion: RIP3 deficiency is an essential factor directing MDSC homing to HCC and promoting CXCL1/CXCR2-induced MDSC chemotaxis to facilitate HCC immune escape and HCC progression; blocking the CXCL1-CXCR2 chemokine axis may provide an immunological therapeutic approach to suppress progression of RIP3 deficiency HCC. (Hepatology 2019;70:1564-1581) . This is an open access article under the terms of the Creat ive Commo ns Attri butio n-NonCo mmercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.
H epatocellular carcinoma (HCC) is one of the leading causes of cancer-related deaths worldwide. (1) Lack of effective treatments results in poor prognosis of HCC, with 5-year survival rates of 3%-11%. (2) Thus, exploring the pathogenesis and developing therapeutic targets are urgently warranted for this deadly cancer.
Immune escape is one of the major hallmarks of HCC. (3, 4) It is well recognized that HCC is a typical inflammation-related cancer and usually progresses within a preexisting chronic inflammatory, fibrotic, or cirrhotic liver and therefore is accompanied by infiltration of immune cells. (5) Immune escape is often accomplished by activation of immune checkpoint Abbreviations: Cas9, CRISPR-associated 9; CD, cluster of differentiation; ChIP, chromatin immunoprecipitation; CM, conditioned media; CXCL1, chemokine (C-X-C motif) ligand 1; CXCR2, chemokine (C-X-C motif) receptor 2; DEN, diethylnitrosamine; ELISA, enzymelinked immunosorbent assay; Gr-1, granulocyte receptor 1; GSK'872, N-5-benzothiazolyl-6-[(1-methylethyl)sulfonyl]-4-quinolinamine; HCC, hepatocellular carcinoma; HLA-DR, human leukocyte antigen DR; IFN-γ, interferon gamma; IgG, immunoglobulin G; IKBα, NFKB inhibitor alpha; JSH-23, 4-methyl-1-N- (3-phenylpropyl) benzene-1,2-diamine; KO, knockout; Luc, luciferase; Ly6, lymphocyte antigen 6; MDSC, myeloidderived suppressor cell; MT, mutated; p-, phosphorylated; PBS, phosphate-buffered saline; RIP3, receptor-interacting protein kinase 3; sgRNA, single-guide RNA; shNC, short hairpin negative control; shRIP3, short hairpin RIP3; Treg, regulatory T cell; WT, wild type. signals such as programmed cell death receptor 1 and its ligand and recruitment of immunosuppressive cells such as myeloid-derived suppressor cells (MDSCs). (6) (7) (8) MDSCs represent a heterogeneous population of myeloid progenitors that accumulate in the tumor microenvironment and serve as powerful proinflammatory mediators in suppressing T-cell functions to contribute to immune evasion. (9) Activated MDSCs express a source of secreted cytokines and enzymes, which repress T cells and natural killer cells but activate regulatory T cells (Tregs). (10) (11) (12) However, the hepatic oncogenic signaling that drives MDSC recruitment and its molecular mechanisms remain poorly defined.
Receptor-interacting protein kinase 3 (RIP3) is a core regulator of necroptosis. (13) Studies have reported that RIP3 is essential for liver injury, inflammatory hepatocarcinogenesis, and cholestasis. (14, 15) However, its role in HCC immunity remains largely unknown. In this study, we found that hepatic RIP3 deficiency promotes chemokine (C-X-C motif ) ligand 1 (CXCL1)/chemokine (C-X-C motif ) receptor 2 (CXCR2)-induced MDSC recruitment and reduces the infiltration of interferon gamma-positive (IFN-γ + ) cluster of differentiation 8-positive (CD8 + ) T cells to facilitate immune escape and progression. By phosphorylating P65 Ser536 and promoting phosphorylated (p-) P65 Ser536 nuclear translocation, RIP3 knockdown increases the expression of CXCL1 in HCC cells. Furthermore, antagonizing CXCR2 substantially suppresses MDSC chemotaxis and HCC growth in RIP3 knockout (KO) mice. These findings reveal the mechanism of RIP3-mediated immune evasion, which provides an effective therapeutic target in HCC immunotherapy.
Materials and Methods

eStaBlISHMeNt oF oRtHotopIC HCC MoDelS
For orthotopic implantation, 2 × 10 6 Hepa1-6, Huh-7, or MHCC97H cells were resuspended in 50 μL serumfree Roswell Park Memorial Institute 1640/Matrigel mixture. Under anesthesia, mice (five in each group) were orthotopically inoculated in the left hepatic lobe with a microsyringe through an 8-mm transverse incision in the upper abdomen. When the mice were sacrificed, their livers were dissected for flow cytometry and histological evaluation. Animal studies were approved by the local regulatory agency (Laboratory Animal Research Center of the Fourth Military Medical University). All animal protocols are approved by governmental and institutional guidelines for animal welfare.
eStaBlISHMeNt oF RIp3 Ko MICe
RIP3 KO mice were constructed using a clustered regularly interspaced short palindromic repeats (CRISP)/CRISPR-associated 9 (CAS9) system in our laboratory. A single-guide RNA (sgRNA) vector against exon 3 of RIP3 was designed and constructed. Then, the sgRNA and Cas9 were transcribed by T7 RNA polymerase in vitro. Cas9 mRNA and sgRNA were mixed and microinjected into fertilized eggs of C57BL/6 mice. Gene sequencing was used to detect mutations of RIP3. Quantitative PCR and western blot were used to detect the expression of RIP3.
MDSC tRaNSWell INVaSIoN aSSay
In vitro migration of murine MDSCs was evaluated in 24-well plates with Transwell polycarbonate-permeable supports (8.0 μm; Merck Millipore). Freshly isolated splenic MDSCs (3 × 10 5 , >90% purity) were seeded on the upper chambers of the inserts, supplemented with 10 ng/mL granulocyte-macrophage colony-stimulating factor and 10 ng/mL interleukin-4, after incubation with a CXCR2 antagonist, SB265610, for 1 hour. The conditioned media (CM) from Hepa1-6-short hairpin RIP3 (shRIP3) or Hepa1-6 cells treated with N-5-benzothiazolyl-6-[(1-methylethyl)sulfonyl]-4quinolinamine (GSK'872) were placed in the lower chamber. After incubation for 24 hours, the MDSCs in the bottom compartment were counted.
pRepaRatIoN oF SINgle-Cell SUSpeNSIoNS
Prior to magnetic bead cell sorting and flowcytometricanalysis, single-cell suspensions were prepared. Briefly, mice were anesthetized and perfused with Hank's buffer without Ca 2+ from the portal vein, followed by Hank's buffer with Ca 2+ and Mg 2+ containing 0.2 mg/mL of collagenase IV (C5138; Sigma-Aldrich). The liver and tumor were dissected and finely minced into pieces with the gentleMACS Dissociator (Miltenyi Biotech) in perfusion buffer containing 0.2 mg/mL of collagenase IV and 10 μg/mL of deoxyribonuclease (DNase) I (D5025; Sigma-Aldrich). A single-cell suspension was obtained by passing through a 70-μm cell mesh and resuspending in Hank's buffer. Primary hepatocytes were pelleted by low-speed centrifugation at 50g for 3 minutes. Supernatants were further centrifuged at 400g for 10 minutes to obtain myeloid cells. Murine splenic cells were isolated as described. (16) 
FloW-CytoMetRIC aNalySIS
For murine samples, mice with tumors were put under anesthesia, and tumors were collected. For human samples, tumor cells were collected from patients with HCC at the time of surgery. This study was approved by the Ethics Committee of the Fourth Military Medical University, and informed consent was acquired from all patients. Cells were incubated with fragment crystallizable (Fc) block for 10 minutes at room temperature and stained with fluorophore-conjugated antibodies for 45 minutes at 4°C in staining buffer (phosphate-buffered saline [PBS] with 0.5% bovine serum albumin and 2 mM ethylene diamine tetraacetic acid). For intracellular IFN-γ staining, a Cytofix/Cytoperm Fixation/ Permeabilization Kit (554714; BD Biosciences) was used. Matched isotype antibodies were used as controls. Data were acquired using a fluorescenceactivated cell sorting LSRFortessa (BD Biosciences) and analyzed with FlowJo software (BD Biosciences).
MDSC ISolatIoN By MagNetIC BeaD Cell SoRtINg
Isolation of CD11b + granulocyte receptor 1-positive (Gr-1 + ) total MDSCs, CD11b + lymphocyte antigen 6 complex locus G-negative (Ly6G-) lymphocyte antigen 6 complex locus C-high (Ly6Chi) Mo-MDSCs, and CD11b + Ly6C low Ly6G hi Gr-MDSCs was performed by using mouse MDSC isolation kit (130-094-538; Miltenyi Biotech, Auburn, CA) according to the manufacturer's instruction. Briefly, after Fc receptor blockade, cells were stained with biotin-conjugated Gr-1 or Ly6G antibody and further labeled with antibiotin microbeads. Labeled cells were passed through the separation columns (Miltenyi Biotech) for magnetic cell separation. Retained cells were analyzed for the CD11b + Gr-1 + / CD11b + Ly6G -Ly6C hi /CD11b + Ly6C low Ly6G hi population to assess MDSC purity (>90%) by flow cytometry.
geNe MICRoaRRay IMagINg aND Data aNalySIS
The array data were analyzed for summarization, normalization, and quality control using GeneSpring software V13 (Agilent). To select differentially expressed genes, we used threshold values of ≥2-fold and ≤−2-fold change and a Benjamini-Hochberg-corrected P value of 0.05. The data were log2-transformed and median-centered by genes using the Adjust Data function of CLUSTER 3.0 software, then further analyzed with hierarchical clustering with average linkage. Finally, we performed tree visualization using Java Treeview (Stanford University School of Medicine, Stanford, CA).
Rt 2 pRoFIleR pCR aRRay
The RT 2 profiler PCR array was performed for screening hepatoma-derived cytokines/chemokines by use of the Mouse Cytokines and Chemokines PCR Array (PAMM-150Z; SABiosciences, Hilden, Germany). The RT 2 profiler PCR array was probed by the Profiler PCR Array System and SYBR green/fluorescein quantitative PCR Master Mix (SABiosciences) in QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems, Carlsbad, CA) in accordance with the manufacturer's protocol. Pan-cytokine/chemokine gene expression was analyzed at the PCR Array Data Analysis Web Portal, which automatically performs all 2-△Ct -based fold-change calculations from the specific uploaded raw threshold cycle data.
CHRoMatIN
IMMUNopReCIpItatIoN aSSay
For chromatin immunoprecipitation (ChIP), 1 × 10 7 cells were harvested for each condition. Huh-7 cells and Huh-7-shRIP3 cells were washed twice in PBS, crosslinked with formaldehyde, lysed with sodium dodecyl sulfate buffer, and sonicated. Sheared DNA was precleared with protein A-agarose/salmon sperm DNA beads and rotated for 2 hours at 4°C (17-371, EZ-ChIP Kit; Merck Millipore), immunoprecipitated with P65 antibody (8242; Cell Signaling Technology) and immunoglobulin G, and rotated overnight at 4°C. Agarose beads were incubated with antibody-protein-DNA complex and washed with a low-salt immune complex wash buffer, a high-salt immune complex wash buffer, and a lithium chloride immune complex wash buffer according to the manufacturer's protocol. DNA-protein complexes were eluted in 1% sodium dodecyl sulfate and 0.1 M NaHCO 3 elution buffer and decrosslinked with 0.2 M NaCl overnight at 65°C. DNA was purified using phenol chloroform extraction and ethanol precipitation, eluted in DNase/ribonuclease-free water, and used for quantitative RT-PCR analysis.
DUal lUCIFeRaSe RepoRteR aSSay
HEK-293 cells were transfected with firefly luciferase (Luc) reporter gene constructs and human renilla Luc-cytomegalovirus vector (Promega). The CXCL1 (NM_001511) promoter region was cloned by gene synthesis according to the coding sequence and inserted into pGL4.10 Luc vector (Promega). For the Luc assay, cells were grown to 60%-80% confluence. CXCL1 promoter-reporter gene constructs were then cotransfected with the following vectors using Lipofectamine 2000 (Invitrogen) as recommended by the manufacturer: RIP3-pcDNA3.1, P65 (wild type [WT])-pcDNA3.1, and P65 (mutated [MT])-pcDNA3.1. The amount of total DNA in each transfection was normalized by the addition of an empty vector to the reaction mixture. The cells were then prepared for the Luc assays using the Dual Luciferase Reporter Assay System (Promega). Relative activity was defined as the ratio of firefly Luc activity to renilla Luc activity.
StatIStICal aNalySIS
Statistical analyses were performed by SPSS 23.0 (SPSS, Inc.) and GraphPad Prism 6 (GraphPad Software, Inc.). The independent Student t test was used to compare data between two groups. Spearman's rank correlation was employed to analyze the association between immune parameters and RIP3 expression. Overall survival was calculated using Kaplan-Meier analysis and compared by the log-rank test. A two-tailed P value < 0.05 was considered statistically significant.
aDDItIoNal MateRIalS aND MetHoDS
Additional materials and methods are included in the Supporting Information.
Results
tUMoR-INFIltRatINg CD11B + CD33 + HUMaN leUKoCyte aNtIgeN-DR − MDSCs IN patIeNtS WItH HCC eXeRt poteNt aUtologoUS CD8 + t-Cell SUppReSSIoN
We first investigated the abundance of MDSCs (CD11b + CD33 + human leukocyte antigen [HLA]-DRimmature myeloid cells) in HCC patients by flow cytometry. Significantly higher frequencies of MDSCs in tumors, matched nontumor liver tissues, and peripheral blood of patients were observed compared with peripheral blood of healthy donors ( Fig. 1A) . Moreover, tumor-infiltrating MDSCs encompassed similar levels of CD14 + monocytic and CD15 + granulocytic subsets ( Fig. 1B) . In contrast, the frequencies of CD8 + T cells in tumors, matched nontumor liver tissues, and peripheral blood were significantly lower than those of healthy donors (Fig. 1C ). We further conducted an autologous CD8 + T-cell proliferation assay to investigate the immunosuppressive activity of the tumor-infiltrating MDSCs. Potent inhibition of CD8 + T-cell proliferation induced by CD3/CD28 and interleukin-2 was observed, particularly by coculture with tumor-infiltrating MDSCs, which confirmed their immunosuppressive capacities (Fig. 1D ). This result demonstrates that MDSCs may exert potent autologous CD8 + T-cell suppression to promote immune escape in HCC.
Next, we further investigated whether overexpression of MDSC markers was associated with prognosis of HCC patients. Kaplan-Meier analysis revealed that patients with CD11b hi expression significantly correlated with shorter overall survival rates ( Fig. 1E ).
INVeRSe eXpReSSIoN oF RIp3 aND MDSC MaRKeRS IN HCC CoRRelateS WItH pooR pRogNoSIS oF patIeNtS
Given the anti-inflammatory role of RIP3 in hepatocarcinogenesis, we next investigated the relationship between RIP3 and MDSCs in clinical samples by immunohistochemistry in 138 pairs of tumor and nontumor liver tissues. We found that the expression level of RIP3 was decreased in HCC tumor tissues in contrast to that in normal livers, while up-regulation of the myeloid cell marker CD11b was observed ( Fig. 2A) . The mRNA and protein expression levels of RIP3 were also decreased in human HCC cell lines compared with normal liver cell lines ( Fig. 2B ). We next performed immunohistochemistry for RIP3 and CD11b in paired human HCC tissues. Correlation analyses showed that RIP3 negatively correlated with CD11b ( Fig. 2C ). We next evaluated RIP3 expression in HCC patient databases with Oncomine, which showed a consistent decrease of RIP3 in HCC tissue ( Fig. 2D ). Next, we further investigated whether expression level of RIP3 was associated with clinical characteristics and prognosis of HCC patients. The expression of RIP3 correlated significantly with tumor-nodemetastasis stages (P < 0.05, χ 2 test; Table 1 ). Consistent with our observation, the relationships between RIP3 and MDSCs were also identified by quantitative real-time PCR using an independent cohort of 27 patients ( Fig. 2E ), therefore demonstrating the clinical significance of inverse RIP3 expression and MDSC accumulation in HCC. Kaplan-Meier analysis revealed that patients with RIP3 low expression significantly correlated with shorter overall survival rates ( Fig. 2F ).
HepatIC RIp3 DeFICIeNCy DRIVeS MDSC ReCRUItMeNt to pRoMote tUMoR pRogReSSIoN
To investigate whether hepatic RIP3 deficiency induces the accumulation of MDSCs to promote HCC progression, we established HCC-bearing murine models by direct intrahepatic injection of HCC cells into the liver capsule (Supporting Fig.  S1A ). To examine whether MDSCs were present in our mouse HCC models, we orthotopically inoculated human HCC cell lines, MHCC97H and Huh-7, and a mouse HCC cell line, Hepa1-6, into immune-deficient (xenograft, BALB/c nude) and immune-competent (syngeneic, C57BL/6) mice and detected the dissociated tumors with mouse MDSC markers CD11b and Gr-1. Flow-cytometric analysis showed that MDSCs were more abundant in all of the mice with orthotopic tumors than those without xenograft. A significantly larger number of MDSCs could be observed in tumors derived from Hepa1-6 cells ( Fig. 3A) .
To evaluate the effects of RIP3 on MDSC recruitment, we implanted Huh-7-shRIP3 cells into BALB/c nude mice and found that knockdown of RIP3 drastically increased MDSC infiltration ( Fig. 3B ). To better simulate the immune-competent niche, we next orthotopically inoculated murine Hepa1-6 cells into C57BL/6 mice and found that knockdown of RIP3 in HCC cells increased the number of MDSCs in the tumors as represented by CD11b + Gr-1 + myeloid progenitors (upper panel, Fig. 3C ) but reduced the CD8 + T-cell population (middle panel, Fig. 3C ). Moreover, the percentage of IFN-γ-positive CD8 + tumor-infiltrating lymphocytes significantly decreased in Hepa1-6-shRIP3 models, suggesting that RIP3 deficiency increases MDSC infiltration and suppresses antitumor immunity (lower panel, Fig. 3C ). Microscopically, Hepa1-6-shRIP3 tumors were associated with decreased CD8 + tumor-infiltrating lymphocytes and increased infiltration by Gr-1-positive or CD11b-positive MDSCs, which was consistent with flow-cytometric analyses of immune cells in orthotopic tumors ( Fig. 3D ). Next, we investigated whether the accumulation of MDSCs was derived from an increase of proliferation or a decrease of apoptosis. No significant increase of MDSC proliferation was observed in Hepa1-6-shRIP3-bearing mice or in GSK'872 (a specific RIP3 inhibitor)-treated mice (Fig. 3E) . Similarly, no significant decrease was observed in an MDSC apoptosis assay (Fig. 3F ). These results suggest that hepatic RIP3 deficiency promoted MDSC-enhanced chemotaxis but not increased proliferation or decreased apoptosis.
To further directly investigate whether hepatic RIP3 deficiency recruits MDSCs in vitro, we established a coculture system with Transwell membranes and performed a chemotaxis assay. We placed the CM generated from Hepa1-6-short hairpin negative control (shNC) and Hepa1-6-shRIP3 cells in the bottom wells of the Matrigel-coated Transwell inserts as chemoattractants. The upper chambers were seeded with freshly isolated splenic MDSCs from HCCbearing mice (Fig. 4A ). Chemotaxis assays showed that the migration index of MDSCs was significantly increased following coculture with Hepa1-6-shRIP3 cells (Fig. 4B ). Consistent with these findings, blockade of RIP3 by its specific antagonist GSK'872 also increased the migration index of MDSCs compared with placebo ( Fig. 4C ). Taken together, these results suggest that hepatic RIP3 deficiency promoted MDSC chemotaxis.
To investigate whether RIP3 deficiency promotes tumor growth through accumulation of tumorinfiltrating MDSCs in vivo, we adoptively transferred tumor-infiltrating MDSCs and HCC cells into murine subcutis and compared the tumor growth rate and tumor weight among (1) Hepa1-6-shNC, (2) Hepa1-6-shRIP3, (3) Hepa1-6-shNC and tumor-infiltrating MDSCs, (4) Hepa1-6-shRIP3 and tumor-infiltrating MDSCs (5:1 ratio) (Supporting Fig. S1B ). By adoptive transfer, we found that coinjection of RIP3 knockdown HCC cells and MDSCs intensely promoted the growth rate ( Fig. 4D ) and tumor weight ( Fig. 4E ) of HCC. Meanwhile, the survival analysis revealed that mice bearing Hepa1-6-shRIP3 cells combined with MDSCs achieved the poorest survival rates compared with other groups (Fig.  4F ). Compared with mice bearing Hepa1-6-shNC cells, the tumor growth rate was significantly higher in mice bearing Hepa1-6-shNC cells combined with MDSCs, and the survival rate was significantly lower. Similarly, compared with mice bearing Hepa1-6-shRIP3 cells, the tumor growth rate was significantly higher in mice bearing Hepa1-6-shRIP3 cells combined with MDSCs, and the survival rate was significantly lower. Taken together, these data converged to demonstrate that hepatic RIP3 deficiency promoted MDSC recruitment and HCC progression.
RIp3 DeFICIeNCy Up-RegUlateS CXCl1 aND INDUCeS MDSC CHeMotaXIS tHRoUgH tHe CogNate ReCeptoR CXCR2
The MDSC invasion assay showed that CM from RIP3 knockdown cells possesses effective chemotactic ability for MDSCs. We established RIP3 KO mice with a C57BL/6 background. RIP3 KO mice and littermates were injected with a single dose of diethylnitrosamine (DEN; 25 mg/kg) on postnatal day 14. We regularly sacrificed one cohort of mice after DEN injection every 2 months to monitor the development of HCC. By gene ontology term cluster analysis using an Agilent microarray, we found that the genes and pathways involving chemotaxis and cell movement were significantly dysregulated in RIP3 KO mouse tumor tissues induced by DEN (left panel, Fig. 5A ). To further identify the responsible chemokines or cytokines regulated by RIP3, we used a PCR array to quantify the expression of a panel of cytokines and chemokines in Hepa1-6 cells. Of all the factors evaluated, CXCL1 was one of the most abundantly expressed chemokines compared with any others induced by RIP3 deficiency (right panel, Fig. 5A ). To further investigate the correlation between RIP3 and CXCL1 in human HCC samples, we examined the expression levels of RIP3 and CXCL1 and found a significant negative correlation (Fig. 5B ). The fact that CXCL1 was induced by RIP3 deficiency was confirmed by quantitative realtime PCR and enzyme-linked immunosorbent assay (ELISA) in two human HCC cell lines, Huh-7 and MHCC97H (Fig. 5C ).
To further delineate the possible crosstalk between HCC cells and MDSCs, we next investigated whether MDSCs express CXCR2, the cognate receptor for CXCL1. Flow-cytometric analysis showed that the expression level of CXCR2 of MDSCs was more abundant than that of Tregs, CD4 + T cells, and CD8 + T cells in both tumor and nontumor tissues ( Fig. 5D ). Immunofluorescence analysis also showed that CXCR2 + cells existed in HCC tumors (Fig. 5E ). We further investigated the chemotactic ability of CXCL1 and CXCR2 for MDSCs by chemotaxis assay. We found that CXCL1 was capable of recruiting MDSCs, whereas the chemotactic ability was drastically deprived by treatment with CXCL1 neutralizing antibody. A CXCR2 antagonist, SB265610, also significantly inhibited MDSC chemotaxis (Fig. 5F ). Taken together, RIP3 deficiency up-regulates CXCL1 and induces MDSC chemotaxis through the cognate receptor CXCR2.
RIp3 DeFICIeNCy INDUCeS NUCleaR tRaNSloCatIoN oF p-p65 SeR536 aND tHe BINDINg oF p-p65 SeR536 to tHe CXCl1 pRoMoteR to INCReaSe tHe tRaNSCRIptIoN oF CXCl1
We next elucidated the molecular mechanism underlying RIP3-mediated CXCL1 production. We first predicted the potential transcriptional factors binding to the CXCL1 promoter by using Genomatix and identified nuclear factor kappa B (NF-κB, P65) as the most potent candidate. Indeed, knockdown of RIP3 markedly increased the phosphorylation level of P65 at Ser536 (p-P65 Ser536 ) in both Huh-7 and MHCC97H cells, while the phosphorylation level of NFKB inhibitor alpha (IKBα) as well as the basal levels of P50 and P65 did not change (Fig. 6A) . These results indicate that RIP3 deficiency may induce serine phosphorylation of P65 in HCC cells. Transcription factors might play roles through their translocation from the endochylema to the nucleus. Therefore, we treated Huh-7-shRIP3 and MHCC97H-shRIP3 cells with 4-methyl-1-N-(3-phenylpropyl)benzene-1,2-diamine ( JSH-23), a small molecule compound that interferes with NF-κB nuclear translocation. We found that JSH-23 abrogated both RIP3-meidated CXCL1 transcription and expression (upper panel, Fig. 6B ). Consistent data were obtained when we treated the Huh-7 and MHCC97H cells with both JSH-23 and GSK'872 (lower panel, Fig. 6B ). Moreover, we performed immunofluorescence staining for p-P65 and found that the p-P65 fluorescence was strong and predominantly localized to the nucleus in GSK'872treated HCC cells (Fig. 6C ). In addition, cytoplasmic and nuclear proteins were extracted and analyzed. These results confirmed that P65 phosphorylation Bold indicates significance. Abbreviation: TNM, tumor-node-metastasis. significantly increased in the nucleus of RIP3 knockdown HCC cells (Fig. 6D ). Collectively, these results indicate that RIP3 deficiency induces P65 serine phosphorylation and nuclear localization in human HCC cells.
To detect whether RIP3 deficiency-promoted CXCL1 induction was mediated through P65, a CXCL1 (-1099/+101)/Luc promoter construct was cotransfected with RIP3 or P65 expression plasmids, alone or in combination. We observed that P65 alone stimulated CXCL1 (-1099/+101)/Luc reporter gene activity but that RIP3 alone suppressed the CXCL1 (-1099/+101) promoter activity. However, the combination of both RIP3 and P65 resulted in a decrease of CXCL1 (-1099/+101)/Luc reporter gene activity compared with P65 alone (lanes 2-4, Fig. 6E ). This result may indicate that RIP3 and P65 perform functionally inverse roles in enhancing the CXCL1 promoter activity. The inverse functions suggest a molecular link between RIP3 and P65 in CXCL1 induction. The serine phosphorylation motif at residues 536 of P65 is critical for transcriptional activity of P65. To further address whether P65 is required for RIP3-mediated CXCL1 induction, we cotransfected the CXCL1 (-1099/+101)/Luc promoter construct and the RIP3 expression plasmid together with either P65 (WT) or Ser536 mutated P65 (MT) expression plasmid. Compared with RIP3 cotransfected with P65 (WT), RIP3 cotransfected with P65 (MT) suppressed CXCL1 promoter activation (Fig. 6E, lanes 4  and 5) . The inhibitory effect of P65 (MT) on CXCL1 promoter activation may indicate that RIP3-mediated CXCL1 induction is induced by P65.
To directly elucidate the effects of RIP3 on the binding of P65 to the CXCL1 promoter, ChIP assays were performed in Huh-7 cells. We found that knockdown of RIP3 markedly increased binding activity of P65 to the CXCL1 promoter (Fig. 6F) . These findings suggest that RIP3 deficiency may increase the binding activity of P65 to the CXCL1 promoter. Taken together, RIP3 deficiency induces nuclear translocation of p-P65 Ser536 and the binding of p-P65 Ser536 to the CXCL1 promoter to increase the transcription of CXCL1.
CoMBINatIoN oF RIp3 aND CXCR2 BloCKaDe INHIBItS MDSC CHeMotaXIS to tHe tUMoR
We have so far demonstrated that RIP3 deficiency induces MDSC chemotaxis by up-regulating the cognate ligand of CXCR2, to suppress CD8 + T-cell antitumor immunity to promote HCC immune escape. Next, we used HCC-bearing mouse models to analyze the in vivo function of MDSC blockade with a CXCR2 antagonist. Hepa1-6 cells stably overexpressing RIP3 (Hepa1-6-RIP3) and control vector-transfected Hepa1-6 cells (Hepa1-6-control) were subcutaneously inoculated in C57BL/6 mice to establish HCC-bearing mouse models. MDSC depletion in vivo using an anti-Gr-1-antibody inhibited tumor growth in Hepa1-6-control tumor-bearing mice but not in Hepa1-6-RIP3 tumor-bearing mice (Fig. 7A ). Flow-cytometric analysis showed that the frequencies of tumor-infiltrating MDSCs decreased and that the ratio of CD8 + T cells to MDSCs increased in anti-Gr-1 antibody-treated Hepa1-6control tumors (Fig. 7B) . However, MDSC depletion by anti-Gr-1 antibody did not affect the frequencies of tumor-infiltrating MDSCs of Hepa1-6-RIP3 tumor-bearing mice (Fig. 7C ). Furthermore, blockade of MDSC chemotaxis in vivo using a CXCR2 antagonist (SB265610) markedly inhibited tumor growth in Hepa1-6-control tumor-bearing mice but not in Hepa1-6-RIP3 tumor-bearing mice (Fig. 7D ). We also found that the frequencies of tumor-infiltrating MDSCs decreased and that the ratio of CD8 + T cells to MDSCs increased in SB265610-treated Hepa1-6control tumors (Fig. 7E) . Notably, there were no significant differences in the frequencies of MDSCs and the ratio of CD8 + T cells to MDSCs when Hepa1-6-RIP3 tumor-bearing mice were treated with the CXCR2 antagonist (Fig. 7F) . These results suggest that the antagonizing CXCR2 may reverse immunosuppression by inhibiting MDSC chemotaxis to the tumor, thereby facilitating antitumor immunity of CD8 + T cells to inhibit tumor immune escape.
To further confirm the effects of RIP3 deficiency on MDSC accumulation through up-regulation of CXCR2 ligand, we established RIP3 KO mouse HCC models induced by DEN. Since postnatal month 8, we treated the mice daily with either PBS or SB265610 to block the CXCL1/CXCR2 crosstalk between hepatoma cells and MDSCs for a consecutive month (Fig. 8A ). Blockade of MDSC chemotaxis by antagonizing CXCR2 significantly decreased tumor weight and number in both WT mice and KO mice, respectively. However, no marked difference was observed in SB265610-treated WT and KO mice (Fig. 8B, C) . We also found that the frequencies of tumor-infiltrating MDSCs decreased, and the ratio of CD8 + T cells to MDSCs increased in both WT mice and KO mice (Fig. 8D) . These results indicate that combination of RIP3 and CXCR2 blockade inhibits MDSC chemotaxis to the tumor.
We also investigated the survival rate of mice bearing HCC induced by DEN after treatment with a CXCR2 antagonist (Fig. 8E) . We identified the date of SB265610 treatment as the outset and the date of sacrifice as the deadline. With the exception of WT mice treated with SB265610, the other three groups exclusively uniformly succumbed to HCC within 60 days. The KO mice treated with PBS yielded the poorest survival advantages, while treatment with SB265610 in KO mice demonstrated enhanced efficacy, with all mice surviving more than 30 days. And WT mice treated with SB265610 achieved the best survival rates among all the groups. Overall, these data demonstrate that blockade of CXCR2 increases the survival rate in RIP3 KO mice bearing HCC induced by DEN.
Discussion
Cancer immunotherapy can induce durable antitumor responses and long-term remission in patients with advanced cancers within a wide range of histologies. However, the response rate of cancer immunotherapy is still limited. (17) (18) (19) (20) As suppressive myeloid cells have emerged as a major barrier of antitumor immunity in HCC, (21) we focused on myeloid cells within the HCC microenvironment and investigated the mechanisms of MDSC recruitment. In this study, we found that RIP3 expression is decreased in HCC patients, which correlates with MDSC infiltration and poor prognosis. RIP3 deficiency is an essential factor directing MDSC homing to HCC. RIP3 deficiency promotes CXCL1/ CXCR2-induced MDSC chemotaxis and reduces the infiltration of IFN-γ + CD8 + T cells, thus facilitating immune escape and HCC progression (Fig. 8F) .
RIP3 is well acknowledged as a molecular switch from apoptosis to necroptosis, which is triggered by caspase-8 inhibition. Recently, RIP3 has been reported to play essential roles in liver injury and inflammatory hepatocarcinogenesis. RIP3 protects mice from high-fat diet-induced liver injury, associated with decreased inflammation and hepatocyte apoptosis, as well as early fibrotic responses. (14) RIP3 is activated in chronically inflamed livers, impedes caspase-8-dependent chromosomal aberrations, and inhibits HCC growth. (15) Loss of RIP3 was common in the majority of cancers, but its significance and molecular mechanisms remain unclear. In this study, we reported the immunological effect of hepatic RIP3 deficiency on the tumor microenvironment in HCC.
MDSCs, a heterogeneous population of myeloid progenitors derived from the bone marrow into tumor sites, represent the major immunosuppressive population that exists only in pathological conditions such as chronic inflammation and cancer. (22) MDSCs abundantly accumulate in human HCC, which is recognized as a major mechanism adopted by cancers to escape immune surveillance. (23) More importantly, they are functionally regarded as major suppressors of T-cell cytotoxicity. The generation and accumulation of these immature myeloid cells within the tumor sites inhibit CD8 + T-cell proliferation and cytotoxicity by depriving amino acids through arginase-1 expression, releasing oxidizing molecules, and inducing other immunosuppressive cells such as tumor-associated macrophages and Tregs. (22) Expansion of MDSCs is a major mechanism used by cancers to escape immune surveillance. In this study, we demonstrated that MDSCs accumulated in the peripheral blood or tumor tissues and were associated with poor prognosis in patients with HCC. MDSCs accounted for up to about 24% of total immune cells in the peripheral blood and 39% of total immune cells in the tumor. Further, we found that tumor-infiltrating MDSCs exert potent CD8 + T-cell suppression in HCC, which is consistent with previous studies. (24) In the present study, we found that the expression level of RIP3 is negatively associated with MDSC infiltration in human HCC tissues. Besides, low expression of RIP3 and overexpression of MDSC markers were associated with clinicopathological characteristics and prognosis of HCC patients. Patients with low expression of RIP3 or high infiltration of MDSCs had significantly poor prognosis. Orthotopic HCC models demonstrated that hepatic RIP3 deficiency increases the frequencies of tumor-infiltrating MDSCs but decreases the frequencies of IFN-γ + CD8 + T cells. Thus, we next confirmed that hepatic RIP3 deficiency induces MDSC recruitment using the Transwell assay in vitro, not by increased proliferation or decreased apoptosis. Together, these data demonstrate that hepatic RIP3 deficiency promotes MDSC recruitment.
Chemotaxis plays a crucial role in orchestrating the recruitment and trafficking of MDSCs into tumor sites through the interaction of chemokines and their cognate receptors. (25) (26) (27) In CXC chemokine subfamilies, CXCL6 and CXCL8 can bind to both CXCR1 and CXCR2, while the other CXC chemokine ligands (CXCL1, CXCL2, CXCL3, CXCL5, and CXCL7) can only bind to and activate the receptor CXCR2, owing to a Glu-Leu-Arg (ELR) motif at their NH2 terminus. (28) As a typical inflammationrelated cancer, HCC is characterized by aberrant secretion of cytokines and chemokines, as well as recruitment and infiltration of immune cells within tumor sites. (5, (29) (30) (31) In our microarray data, chemotaxis-associated pathways were significantly regulated by RIP3. By cytokine and chemokine PCR array analysis, we characterized RIP3 deficiency as a chemotaxis inducer that drives MDSC recruitment through up-regulation of CXCL1, which is the major chemokine that attracts MDSCs to the tumor through CXCR2, the exclusive cognate receptor of CXCL1. In addition, we evaluated other immune cells in tumor and nontumor tissue of HCC-bearing mice. Flow-cytometric analysis confirmed that the proportions of CXCR2 + MDSCs were significantly higher than CXCR2 + Tregs, CXCR2 + CD4 + T cells, and CXCR2 + CD8 + T cells in both tumor and nontumor tissues. These results showed that the MDSC population displayed the highest CXCR2 level among the immune cells infiltrating in fresh HCC tissues, which was the dominant subset responsible for immune escape in HCC microenvironment.
Previous studies have demonstrated that Gr-1 neutralizing antibody can effectively deplete MDSCs in vivo, but absence of Gr-1 in human urges us to discover more surface markers of MDSCs for clinical implications. (32) In this study, we found that blockade of MDSC chemotaxis by antagonizing CXCR2 can be one of the targets for immunotherapy. Moreover, our study shows that RIP3 deficiency is a key driver of MDSC recruitment and provides a strong rationale for the application of CXCR2 antagonists in HCC immunotherapy. The expression level of RIP3 in tumor tissue might be a predictor for clinical prognosis and immunotherapy effect in HCC patients. More importantly, targeting RIP3 in HCC might be considered for rational use of chemotherapeutic and targeted drugs, which is essential for reeducating the immunosuppressive tumor microenvironment and enhancing the antitumor immunity. Accordingly, blocking the RIP3-CXCL1-CXCR2 axis can be an efficacious strategy for HCC patients to prevent tumor immune escape. Larger cohort studies using inhibitors might confirm the role of the RIP3-CXCL1-CXCR2 axis in HCC immunotherapy.
In conclusion, we found that loss of RIP3 is common in most HCC patients and is a driver of MDSC recruitment. RIP3 deficiency promotes CXCL1/ CXCR2-induced MDSC chemotaxis to facilitate immune escape and HCC progression. By phosphorylating P65 Ser536 and promoting p-P65 Ser536 nuclear translocation, RIP3 deficiency increases the expression of CXCL1 in HCC cells. A CXCR2 antagonist suppresses MDSC infiltration and delays HCC growth in RIP3 KO mice. Our findings not only illustrate the mechanism of RIP3-mediated immune evasion by recruiting MDSCs to local inflamed tissues but also show that blocking MDSC recruitment may be a promising immunological therapeutic approach to protect against progression of RIP3 deficiency HCC.
